Abbreviations: EC, electrochemical detection; MS, mass spectrometry; 8-oxodG, 8-oxo-7,8-dihydro-2′-guanosine Epidemiological investigations repeatedly show decreased morbidity from regular exercise compared with sedentary life. A large number of investigations have demonstrated increased oxidation of important cellular macromolecules, whereas other investigators have found no effects or even signs of lowering of oxidation of macromolecules. In particular, extreme and longduration strenuous exercise appears to lead to deleterious oxidation of cellular macromolecules. The oxidation of DNA is important because the oxidative modifications of DNA bases, particularly the 8-hydroxylation of guanine, are mutagenic and have been implicated in a variety of diseases such as ageing and cancer. The methodologies for further investigation of the relationship between DNA oxidation and exercise are available. The preferred methods rely on HPLC or GC-mass spectrometry; whereas the theoretically-attractive liquid chromatographytandem mass spectrometry is being developed. Caution should be taken to avoid artifacts because of the six orders of magnitude of difference between oxidized and non-oxidized DNA bases in tissues. The methods can be used to estimate tissue levels, i.e. a local concentration of oxidized DNA, or to estimate the rate of body DNA oxidation by the urinary output of repair products, the latter being a method that is independent of repair. During exercise there appears to be a shifting of dietary-dependent antioxidant, e.g. vitamin C and vitamin E, from muscle to plasma, and an increased oxidation in plasma of these antioxidants. Supplementation trials with antioxidants have not been able to increase exercise performance; however, optimum nutrition with antioxidants and possibly supplementation, could be important in the prevention of diseases in the long term. The pattern from these observations appears to be quite consistent; immediately after exercise, regardless of how intense, there do not appear to be any signs of oxidative damage to DNA. Acute or prolonged moderate exercise does not produce signs of oxidative DNA damage and might even be associated with lowering of the levels of oxidation of tissue DNA; however, after long-duration and intense exercise an increase in oxidative DNA modifications is apparent. We suggest as a hypothesis that the relationship between exercise and health is U-shaped. This hypothesis needs to be tested in detail in order to establish the maximum beneficial exercise level with regard to oxidative DNA modification, and also the level that could be deleterious and might even increase the risk for cancer and other diseases.
by a variety of events (Poulsen et al. 1998a) . Further to the deleterious effects of ROS, it now appears that ROS and reactive nitrogen species can function in biological signalling, as exemplified by NO, and it has been suggested that ROS are important for signal transduction pathways (Palmer & Paulson, 1997) . Research in recent years has suggested that physical activity modulates the immune system. These findings indicate that the response to exercise is quite complex, a notion that is supported by studies on exercise and immune function showing that during moderate and severe exercise the immune system is enhanced, and only intense long-duration exercise produces immunosuppression (Pedersen et al. 1996) . It has been demonstrated that with age there is increased oxidative damage to DNA, lipids and proteins in human skeletal muscle, thus providing evidence of a role for oxidative damage in human ageing (Mecocci et al. 1999) . We have shown that intense exercise for 30 d leads to an increased rate of formation of oxidative modifications of DNA . By contrast, we were unable to find any signs of DNA modification as a result of acute exhaustive exercise .
On this basis, the increased O 2 consumption due to exercise, in the absence of other factors, should increase the risk of arteriosclerosis, cancer and premature ageing. However, it is quite evident from a large number of epidemiological studies (for example, see Paffenberger et al. 1993 ) that regular and moderate exercise is associated with low risk of these diseases. Moreover, change in physical fitness in healthy middle-aged men is a strong predictor of mortality, even small improvements in physical fitness are associated with a significantly lower (P < 0·05; two-tailed) risk of death (Erikssen et al. 1998) . Evidence has been accumulating that physically-active individuals have a decreased rate of all-cancer mortality, and in particular for cancer of the colon, breast and perhaps prostate (Lee et al. 1997; Oliveria & Christos, 1997; Kiningham, 1998) . Thus, the data available are to some extent conflicting. The purpose of the present review is to summarize the present knowledge relating to exercise and oxidative modification of DNA, and to outline the methodologies for measuring DNA oxidation, to highlight pitfalls and to indicate how to interpret different measurements, to suggest hypotheses for the relationship between exercise and DNA oxidation, and to identify possible methods of testing the hypotheses.
Oxidative damage to DNA
The oxidative modification of DNA was a serendipitous discovery made during an investigation of the effects of heating food on DNA modifications (Kasai & Nishimura, 1984) , and was also independently discovered in another laboratory (Dizdaroglu, 1985) . It is now clear that among the more than 100 different oxidative modifications to DNA that have been described (Cadet et al. 1994; Dizdaroglu, 1994) the dominant oxidative modification present is the 8-hydroxylation of guanine, 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) . It has been clearly demonstrated that some of these modifications are biologically relevant because of their relative frequency of occurrence (Kasai, 1997) , because they are mutagenic (Retèl et al. 1993 ) and because specific repair enzymes have been found (Bessho et al. 1993) . It is quite evident from simple basic calculations and estimated rates of oxidation of guanine from urinary excretion (Poulsen et al. 1998a ) that extensive repair of such lesions is absolute mandatory for survival. Several DNA repair enzyme systems have been described in various systems; however, a detailed description of DNA repair systems in human subjects in vivo is not presently available, and methods for the direct estimation of the quantitative importance of various DNA repair systems in vivo are still in the development phase.
The levels of oxidative modifications of DNA in tissues are subject to intense discussion, because of considerable variation between laboratories (for detailed review, see . The published values from different laboratories vary by several orders of magnitude, and the true values are still the subject of debate (Lunec, 1999) . Currently there is only systematic information about 8-oxodG levels in a variety of tissues (for review, see and the influence of a variety of factors (for review, see Loft & Poulsen, 1998) . The major reason for this emphasis on measuring 8-oxodG is based on methodology. 8-OxodG is electrochemically active and can readily be measured by HPLC-electrochemical detection (EC; Loft et al. 1992; Poulsen et al. 1999b) . Determination of modifications of other nucleosides requires more elaborate technology, e.g. GC-mass spectrometry (MS) or liquid chromatography-tandem MS.
Oxidative DNA modifications have been implicated in many pathophysiological processes, and have been implicated particularly as important in the development of cancer and ageing (Halliwell, 1994) . Presently, however, there is only mechanistic and indirect evidence, and the predictive value of levels of oxidative DNA modification in relation to disease development remains to be established. Likewise, the evidence for a pathophysiological role for oxidative DNA modification in the deleterious effects of exercise has not been fully established.
Methodologies of estimating oxidative DNA modification

HPLC-electrochemical detection
The methodologies that can be used to estimate oxidative DNA modifications are listed in Table 1 , which also indicates the biological matrix in which the methods can be used. The most universally applied methodology is measurement of 8-oxodG by HPLC-EC. This method is mainly used for tissue DNA or cellular DNA (Kasai, 1997; Loft & Poulsen, 1998) , but in a more complicated set-up with column switching it can also be applied to urine (Loft et al. 1992; Loft & Poulsen, 1998; Poulsen et al. 1999b ). The analysis requires that 8-oxodG is measured by electrochemical detection in tandem with u.v. detection of deoxyguanosine. The concentration of 8-oxodG should be given as number of molecules per 10 5 molecules deoxyguanosine as recommended by ESCODD (Lunec, 1999) , rather than relative to total DNA. The HPLC analysis requires isolation and digestion of genomic DNA, a potentially artifactual procedure (Collins et al. 1997a; Hofer & Moller, 1998) . The exact value of normal organ DNA oxidation levels is subject to considerable debate (Lunec, 1999) . The levels reported in the literature are highly variable and a first effort at standardization in Europe revealed variation between different laboratories of about 180-fold for analysis of pig liver (Lunec, 1999) . It is still undecided as to which levels are most accurate; however, several researchers consider the high levels measured by GC-MS to be unreliable and have highlighted the possibility of artifacts by this method (Poulsen et al. 1998b) . The possibility of artifacts in the GC-MS procedure have been demonstrated by Ravanat et al. (1995) .
With regard to the investigation of exercise, the HPLC-EC method for analysis of 8-oxodG is so far the only method employed.
GC-mass spectrometry
The virtues of the GC-MS estimation of oxidative DNA modifications are multiple. First, a huge array of different DNA modifications can be characterized and quantified, the method is sensitive and specific, and by the use of isotopically-labelled standards it is possible in one run to quantify several oxidation products (Dizdaroglu & Bergtold, 1986; Dizdaroglu, 1991 Dizdaroglu, , 1992 Dizdaroglu, , 1993 Dizdaroglu, , 1994 . However, there are several drawbacks in the methodology. First, the technique requires highly skilled and specialized personnel, the cost of the instruments is considerably higher than, for example, that of HPLC-EC, and few of the isotopicallylabelled internal standards are commercially available because skilled chemists are required to synthesize the relevant substances. GC-MS has been used mainly for tissue DNA analysis, and the sensitivity is about 0·1 molecule 8-oxodG per 10 5 molecules deoxyguanosine, with a requirement for about 25-50 µg DNA. Clearly, the methodology can be used for measurement of excretion of repair products in urine Bianchini et al. 1998 ), but has not been used extensively for this purpose. There is no doubt that the GC-MS technique has provided most of the knowledge regarding the basic chemistry of the oxidative modification to DNA, pioneered by Miral Dizdaroglu (Chemical Science and Technology Laboratory, National Institute of Standards and Technology, Gaithersburg, MD, USA) and Jean Cadet (Laboratoire Lesions des Acid Nucleiques DFRMC/SESAM, Centre d'Etudes Nuclearis, Grenoble, France). In biology, and particularly in vivo, the value of the GC-MS methodology has not been tested to the same extent it has in chemistry, and as stated earlier there appear to be problems with artifacts when preparing tissue samples for the GC-MS procedure that have not been completely solved. If there really are artifacts in this or other procedures the chemical data will naturally still hold true. In particular, the high temperatures during the derivatization process before GC-MS can induce artificial oxidation of non-oxidized bases and nucleosides (Hofer & Moller, 1998) . Probably these problems are not relevant for measurements in urine in which there are few non-oxidized bases compared with tissue where there are a of the order of 10 5 non-oxidized bases per oxidized base; in the latter situation artificial oxidation of just one base/10 5 bases will introduce considerable artifacts.
Liquid chromatography-mass spectrometry methods
From a theoretical point of view the combination of HPLC separation, ion spray and MS is attractive because it has the potential for analysis of multiple DNA modifications without using the hydrolysis-derivatization-high temperature steps necessary for GC-MS. We have been able to obtain fast analysis and suitable sensitivity with liquid chromatography (LC)-tandem MS for the analysis of 8-oxodG in urine (Poulsen et al. 1999b) , and so has another group , and we are now also able to analyse cellular DNA for both 8-oxodG and the corresponding hydroxylated adenosine. Preliminary investigations have shown close agreement between HPLC-EC and liquid chromatography-tandem MS measurements on oxidized nuclear DNA (HE Poulsen and S Loft, unpublished results). Presently, although attractive, the benefits of the methodology need to be proven, just as the sensitivity needs to be determined. As with GC-MS, it is a procedure that requires expensive equipment, skilled and expert staff, and synthesis of isotopically-labelled internal standards. 
P post-labelling
32 P post-labelling combined with HPLC has been used to estimate oxidative DNA damage Moller et al. 1993; Zeisig & Moller, 1997) . However, so far there are no reports on the systematic use of the developed methodology in biological settings. The advantage of the methodology is the very high sensitivity, since only 1 µg DNA is needed to determine one oxidized base per 10 6 bases . However, problems have been reported, e.g. artificial oxidation, that still need to be solved (Moller & Hofer, 1997; Schuler et al. 1997) .
Alkaline elution and the comet assay
The basic principle for the two assays relies on the structural changes to DNA under alkaline conditions. Alkaline elution (Epe, 1995; Pflaum et al. 1997 Pflaum et al. , 1998 ) is based on a detection system, (e.g. incorporation of [ 3 H]-thymidine into DNA), followed by elution through filters or a similar device that will allow small DNA fragments to elute differently from large DNA fragments. Simple measurements of radioactivity will give information on DNA strand breaks. In the comet assay cells are placed on a gel, lysed and placed in an electrophoretic field. Undamaged DNA will not be able to move in the gel, and strand breaks or changes in the supercoiling will allow DNA to extend in the electrophoretic field. After staining with a DNA dye (e.g. the fluorescent DNA dye YOYO1) the cellular DNA will appear as a 'comet', and the amount of DNA in the tail will provide information about the DNA damage . Alkaline elution technique has the limitation that live cells which will incorporate [ 3 H]thymidine are needed, and for the comet assay storage of cells and induction of DNA damage during isolation of cells from organs is not controlled. The sensitivity of the assay is exceptional and for the comet assay only a few hundred cells are needed.
Although a close correlation between the cellular DNA-8-oxodG and the comet assay has been demonstrated (Deng et al. 1997) , the specificity of both the alkaline elution method and the comet assay is low. By the use of specific repair enzymes that will induce strand breaks corresponding to specific DNA modifications, the specificity of the assays can be increased (Epe & Hegler, 1994; Haring et al. 1994; Collins et al. 1995 Collins et al. , 1997b Ross et al. 1995; Tuo et al. 1996; Pflaum et al. 1997) .
It is evident that the distribution of the DNA modification is important in the two assays. Imagine two extreme situations. The first is the case where the DNA modification is evenly distributed along the DNA chain and the second where all modifications are on neighbouring guanine moieties. In the first situation the fragments or breaks will easily be detected, in the second that damage will not be detected by either assay because it will correspond to a single lesion. A quantitative analysis of this problem has not been done; however, it could lead to underestimation of the damage, e.g. compared with chemical determination after hydrolysis of DNA where the distribution pattern of damage has no importance.
Immunologically-based methods
From many points of view an antibody that specifically recognizes, for example, 8-oxodG would be extremely useful. Such approaches have been attempted for measurements in urine, in DNA isolated from tissues and for immunohistochemistry; however, it has been extremely difficult to obtain a sufficiently specific antibody (for example, see Prieme et al. 1996) , and presently there does not appear to be an antibody available with sufficient specificity. Data obtained in quantitative measurements with antibodies against 8-oxodG should be interpreted with caution.
Interpretation of urinary repair-product excretion and tissue levels
Particular attention should be given to the differences in measuring tissue levels and urinary excretion. Tissue levels will provide information about the concentration of modified bases. The observed level will be the result of the formation of new DNA modifications and their removal. An increase or a decrease in the level in a tissue or a population of cells can therefore be due either to an increase in formation, e.g. by induced oxidative stress, or derived from a change in repair of oxidative modifications. Without further information it is not possible to distinguish between the two possibilities or a combination of these possibilities. Urinary excretion of oxidatively-modified bases or nucleosides is the result of repair of these lesions in DNA, excretion into the plasma and elimination into urine. The variable measured is the number of repaired lesions per unit time unit. Assuming a steady-state, i.e. no change in the level of modifications in DNA during the period of investigation, formation and elimination of modifications in DNA must be equal, consequently the urinary measurement is a measure of the rate of formation of new DNA modifications per time unit and is independent of repair. If, for example, repair rates changed, then a new steady-state would be achieved and mass balance, (i.e. formation and elimination), would still be maintained, and again it can be argued that the measurement is independent of repair. Another difference between the two measurements should also be given consideration. Tissue or cell measurements will provide information for a particular organ, which preferably should be the target organ of interest. Often, in human experiments, surrogate cells such as lymphocytes are investigated, and it is presently unknown if their mode of response is identical to that of the target tissues, and if extrapolation between lymphocytes and target tissues is valid. Urinary measurement, on the other hand, is an average measure of the response of the organism investigated, and as such, large changes in a small organ could be overlooked.
The renal excretion of 8-oxodG occurs with a half-life of a few hours . Animal experiments have been performed in which both urinary and target organ tissue levels have been measured, and the findings support the notions put forward here. Further details can be found elsewhere (Poulsen et al. 1999a) .
When designing an experiment it is therefore of great importance to consider the experimental conditions and hypotheses in order to chose the optimum type of measurement.
Exercise, oxidative DNA damage and antioxidant intervention
The notion that exercise leads to the generation of excess free radical dates back to the early 1980s (Lovlin et al. 1987) . The notion was put forward that peroxidation of membrane lipids, particularly during re-oxygenation of hypoxic tissues, induced a number of changes in cell functions, clearly demonstrated to include oxidative damage to DNA lipids and proteins (Mecocci et al. 1999) . The original ideas also included the possibility that damage to muscles, in particular from exercise, elicited reparative and compensatory mechanisms that would overcompensate, thus resulting at a later stage in muscle proliferation. Exercise has been shown to induce DNA damage to polymorphonuclear leucocytes 1 d after a half-marathon (Niess et al. 1998 ), but only slight changes 15 min after 90 min of swimming (1500 m) or running for 70 min (15 km; Inoue et al. 1998) , and no change after rowing to exhaustion . When comparing habitual longdistance runners and untrained healthy subjects no difference was found in the urinary excretion of 8-oxodG (Pilger et al. 1997) . A carefully-designed experiment with monitoring over a period of up to 5 d after a short-distance triathlon by habitual athletes (1·5 km swimming, 40 km cycling and 10 km running) showed DNA damage that reached a maximum 3 d after the exercise, as measured by the comet assay, but showed no differences in micronuclei or in urinary excretion of 8-oxodG (Hartmann et al. 1998) .
As mentioned earlier, we found increased urinary excretion of 8-oxodG after 30 d of vigorous exercise for 11-18 h/d . Similar findings were obtained during an 8 d long-distance-running training camp, but the levels in lymphocyte DNA were unchanged . Treadmill running to exhaustion produced more DNA damage, as measured by the comet assay, in untrained men compared with trained men (Niess et al. 1996) , and training after myocardial infarction abolished the pre-training increase in plasma H 2 O 2 concentration (Deskur et al. 1998) . The pattern from these observations appears to be quite consistent; immediately after exercise, irrespective of the intensity, there does not appear to be any signs of oxidative damage to DNA. Acute or continued moderate exercise do not produce signs of oxidative DNA damage, and might even be associated with lowering of the levels of oxidation of tissue DNA. However, after long-duration intense exercise there is an increase in oxidative DNA modification. Furthermore, it also appears that compared with a sedentary condition, a trained condition can diminish the effects of an exercise episode. The mechanism(s) by which the trained subject improves the handling of O 2 and ROS is not known, and from a quantitative point of view it is not clear how important these changes in oxidation of cellular macromolecules are among all the changes that exercise induces.
One possible mechanism by which increased control of oxidative processes could be achieved would be optimization of dietary-dependent antioxidant substances. Beneficial effects of such an intervention are indicated by the observed oxidation of blood GSH and vitamin C, indicated by increases in GSSG and dehydroascorbic acid, even though the total vitamin C concentration increased (Viguie et al. 1993) . Vitamin E and vitamin C levels are decreased in muscle and increased in plasma with endurance training (Goldfarb, 1993) , and total serum antioxidant capacity is elevated (Child et al. 1998) . These findings suggest that antioxidants are shifted from tissue to plasma during exercise and that insufficient antioxidant defence systems may exist. Supplementation trials have given variable results (Witt et al. 1992; Hartmann et al. 1995; Packer, 1997; Sumida et al. 1997; Kaikkonen et al. 1998; Kanter, 1998) , but rather than improving performance such intervention may be of importance in the long term, i.e. preventing disease in the long term.
The observations of free oxygen radicals acting in signal transduction pathways may play an important role in a variety of cellular responses to exercise. Cellular defence mechanisms could be induced by this type of mechanism, e.g. enzymic antioxidant activities, heat-shock proteins or unknown systems. In this respect, a similar situation has been described in radiobiology, where a small dose of radiation protects against a subsequent large radiation dose (Sadekova et al. 1997) , and it should be borne in mind that radiation also works by inducing oxidative stress by cleavage of water with the production of hydroxyl radicals (Dizdaroglu & Bergtold, 1986) .
In summary, the data on relationships between exercise and oxidative DNA modification lead to the hypothesis that there is a U-shaped curve relationship between oxidative DNA modification and the duration and intensity of exercise. If this relationship can be demonstrated and verified it implies that there is an optimal duration and intensity of exercise. The methodologies for measuring oxidative DNA modifications are adequate to establish such a maximum.
